. 1992. Fruit abscission in Acer saccharinum with reference to seed dispersal. Can. J. Bot. 70: 2277Bot. 70: -2283. Winged fruits and seeds travel approximately twice as far as predicted by micrometeorological models of seed dispersal by the wind. We hypothesize that seeds preferentially abscise at higher velocities because the motive force for abscission is drag (proportional to the square of the wind velocity). A 3-year study of fruit abscission in Acer saccharit~um L., supplemented by experimental studies, demonstrates that for this species (i) separation layers develop rapidly when relative humidity is low (the early afternoon in a typical diurnal relative humidity cycle), and (ii) the exponents in power law equations relating abscission rate to wind speed are somewhat higher than the expected value of 2.0. Consequently, micrometeorological models of dispersal must be modified to account for the nonrandom nature of abscission.
Introduction

I
Greene and Johnson (1989) introduced a micrometeorological model of seed dispersal by the wind but concluded that the model was underpredicting observed dispersal distances because abscising seeds do not randomly "sample" the ambient wind speed distribution. That is, even when a separation layer is completely developed, a force is required to detach the seed from the peduncle. They estimated that the median speed for abscission was probably about double the ambient median speed.
The anecdotal literature on abscission makes clear that both relative humidity and wind speed play a role in abscission (reviewed in Greene and Johnson 1989) , but there has been no quantitative study. The abscission literature has remained anecdotal because most plant species have seed-dispersal seasons lasting from a few weeks to many months. Censusing abscising seeds is by direct counts on a branch (e.g., Kohlermann 1950) or enumeration in adjacent seed traps (e.g., Ford et al. 1983) . Census results are then related to local meterological observations (typically the nearest airport) on mean wind speed and mean relative humidity averaged over the census interval. As most investigators used averaging times (censusing intervals) of at least 1 week, any predominant role for high-magnitude, low-frequency events is obscured in the averaging process.
We report here a 3-year study of abscission by a single tree of Acer saccharinum L. This species has the appealing characteristic of a dispersal season lasting only a few days. Thus, one can sample intensively (short averaging times) over a reasonably brief time period. Our objective was to understand the relationship between relative humidity, wind speed, and abscission probability. In particular, we want to understand the proximate mechanism by which seeds abscise in this species.
Relative humidity is expected to play a role in abscission because tissue drying is typically a prerequisite for abscission. For example, in Daucus carota (Lacey 1980) , Compositae (Small 1918) , and Pinaceae (Harlow et a1. 1964) , investing structures flex outward as relative humidity declines, exposing seeds to the direct action of the wind. In many genera, separation layers between peduncle and seed develop (via shrinkage of tissue) more rapidly as relative humidity declines (and therefore water loss is enhanced). Given that relative humidity is minimized when wind speed is maximized (in the early afternoon of a typical diurnal cycle), and assuming that the tissue drying proceeds at a time scale much shorter than the diurnal relative humidity cycle, then one might expect that relative humidity will promote seed abscission at wind speeds higher than average.
Our hypothesis for the proximate mechanism of abscission in genera such as Acer is as follows: given that the samara is free to sway (relative to the peduncle and relative to adjacent samaras), then the wind-induced acceleration of the samara will cause failure in the dried separation layer. This acceleration will be proportional to the drag force and therefore pro- portional to the square o f the wind velocity. Thus, o u r expectation is that the probability o f abscission is a function o f the square o f the mean wind speed, where the mean is calculated over a suitable averaging time.
Methods
For 3 consecutive years (1989 -199 1) we studied fruit abscission in an individual, 17-m silver maple (A. sacchar-inum). The tree was located in a courtyard in downtown MontrCal (Eastern Standard Time Zone), and a spiral staircase penetrated the crown of the tree and served as an observation platform. The diaspore is an asymmetric samara (Fig. l) , about 4 cm long with a mean chord length of around 1 cm. Each peduncle bears two samaras, but the second is invariably a small abort only one-fourth the size of a viable fruit. The flat wing accounts for about 85% of the total samara planform area but only about 15% of the mass. Samaras occur in clusters with typically 5-40 peduncles per cluster.
For this tree flowering occurred in early April, samaras achieved full size by early May, drying started at the distal end and along the trailing edge in mid-May, and abscission of the dry samaras occurred in late May. A viable samara has two adjoining separation layers where it connects to the abort and to the peduncle (Fig. 1) . Note that here abscission refers to the detachment of the samara from the tree and not to the development of the separation layer.
Each year about 10 clusters of samaras on three neighbouring branches (about 7 clusters per branch) near the top of the crown were selected for study. Each year, the sample size was approximately 180 samaras. A cup anemometer on a board was inserted among the three branches and was within 0.5-2.0 m of the sampled branches. During daylight hours, the averaging time for the wind was 15 min. Shorter averaging times were impossible because of the time required to accurately census the samaras. At night, the hourly relative humidity and hourly wind speed measurements were based on Dorval Airport (15 km away) and converted to a local value using a regression from day light values.
In addition to censusing during the 15-min diurnal intervals, the samaras were also scored qualitatively for the degree of separationlayer development. The categories were (i) green: there is no external evidence of separation layer development; (ii) indented: the fruit is drying, and there is a slight shrinkage at the subsequent separation layers; (iii) well-developed: indentation has proceeded to the point where there is a gap in the middle of the separation layer; and (iv) mature: separation is now complete, and the samara is connected to the peduncle only by the vascular bundle (see Fig. 1 ).
A sample of 80 vascular bundles was cut, saturated with water, and then repeatedly reweighed on an electronic balance to determine the drying rate. The relative humidity in the room was 5 0 % , and the temperature was 20°C.
Experimental methods
We performed the following experiments to understand the mechanism by which wind causes abscission.
In the first series of experiments, peduncles in the mature category (see above) were cut with a razor where they attached to the branch. These samaras, taken from various parts of the tree, were deflected back and forth by hand (a maximum of 200 deflections) to angles of 45, 90, or 145" with the vertical (wing pointing down) defined as 0". The purpose of this experiment was to determine whether the samara angle, which is proportional to the loading, determines the likelihood of abscission. Next, a sample of green samaras had separation layers created by cutting with a razor (effectively changing the specimen from the first to the fourth drying category). These samaras, along with a sample of unmodified green samaras, were then also deflected to determine the relationship between deflection angle and the probability of abscission.
Finally, the same series of experirqents was performed except that the air flow of a fan replaced the hand deflections. Samaras were held by the peduncle at different distances (different wind speeds) from the fan. Deflection angles greater than 90" were achieved by holding the peduncle parallel to the air stream (effectively a vertical updraft) at a wind speed of 3.7 mls. In the fan experiments, the specimens were exposed to a given wind speed for a maximum of 1 min. During the treatment, the peduncle was slowly rotated through 360" about three times in 1 min. Additionally, at a speed of 3.7 mis green samaras are used with artificial separation layers (as above), as well as unmodified green samaras.
Results
Experimental results
A maple samara is a cantilever that must be loaded for failure to occur. As shown in Table 1 , the number of deflections required for abscission increases with the deflection angle. There were significant differences between 45 and 90" and between 90 and 145" (Mann-Whitney tests, p = 0.05). Mature peduncle-samara units were appended in still air for 3 years; the samaras never abscised. Clearly, a deflection is required.
The samara must be mature for abscission to take place. For the hand-deflection and fan experiments, green samaras never abscised; instead, the samara and peduncle bend together as a unit when loaded. By contrast, with a mature samara, the turgor pressure of the peduncle is intact, but the samara is free to sway almost independently of the peduncle when loaded. Thus, a force on the samara such as the drag of the wind can impart a relative acceleration to the samara. The modified green samaras that were cut with a razor along the separation layers leaving them appended to the peduncle by the vascular bundle abscised as readily as mature samaras (Table 1) ; there was no significant difference (Mann-Whitney test, p = -0.05).
Excised vascular bundles in the laboratory dried to an equilibrium moisture content in less than 10 min (the tissue is less than 0.5 mm in diameter). Thus, almost immediately following complete separation of the samara along the two separation layers (connecting the samara to the abort and to the peduncle), the vascular bundle will have dried to an equilibrium moisture content determined primarily by the ambient relative humidity. Drying of the vascular bundle should make it more brittle, and thus stress induced by the relative acceleration of the samara should propagate any incipient crack and lead ultimately to failure.
Higher wind speeds caused larger deflection angles. In the fluctuating wind speed of the fan, a wind speed of 2.0 mls had a mean deflection angle of about 35", 3.0 mls corresponded to about 70°, and wind speeds exceeding 3.7 mls deflected the samara to an angle of about 90".
An interesting aspect of the proposed mechanism for abscission involves the structure of the distal end of the peduncle. Note in Fig. 1 that this end flairs out to form a hollow cup (when separation layers are fully developed). The rim of this cup appears to act as a fulcrum, concentrating the stress as the deflection angle exceeds about 70". Failure in the vascular bundle usually occurred here at the distal rather than the basal end of the vascular bundle. Hand deflections (90") with the cup of mature samaras removed with a razor rarely resulted in abscission (Table 1) . Likewise, with the fan, cup removal resulted in a significantly reduced probability of abscission (Mann-Whitney test, p = 0.05).
A vertical updraft significantly increased the abscission rate (Mann-Whitney test, p = 0.05), just as with the deflection experiments an angle of 145" caused a significantly greater rate than 90". By contrast, strictly horizontal winds cannot engender a mean angle exceeding 90". In summary, it appears that a relative acceleration of the samara is required for abscission. This acceleration is not possible until the two separation layers are fully developed. Subsequently, the vascular bundle rapidly dries, a series of stresses are induced (and concentrated by the cup serving as a fulcrum) in response to fluctuating wind speeds (loadings), and the magnitude of the stress increases with the force. Eventually, failure occurs at the distal end of the vascular bundle. Given this hypothesized mechanism, we expect that abscission should occur when relative humidity is low and wind speeds are great. In particular, updrafts should be particularly effective agents of abscission.
Tree results
The abscission schedule for 1990 (Fig. 2) is given as an example of the 3 years of data. (All times mentioned here are Daylight Savings Time. Subtract 1 h to obtain standard times.) The dispersal season (defined arbitrarily as the interval from the 5th to the 95th percentiles of the cumulative abscission distribution) was 122, 73, and 11 h for 1989, 1990, and 1991, respectively. Abscission does not occur in wet weather; the dispersal season of 1989 was long because of 2 consecutive days of rain. Abscission rarely occurs at night, i.e., 1 % of the seed crop for the 3 years (Table 2) . Most abscission (83%) occurs from 10:OO to 17:OO (Table 2 ).
The three branches we used were not different from the rest of the crown. Qualitatively, it appeared that all branches had similar abscission schedules. Further, it appeared that most A. saccharinum trees in the streets of MontrCal began and ended their abscission schedules on the same days as this tree. Samaras can make the transition from the indented category (pericarp no longer green, but separation layer barely developed) to the mature category (see Fig. 1 ) in as little as 3 h when relative humidity is very low (Fig. 3) . The percentage of mature samaras increased from 1 % on May 22, 1991, at 07:OO to 40% at 18:OO on that same day. Thus, the response time can be much shorter than the 24-h diurnal relative humidity cycle when the relative humidity is low. The final separation of the filled fruit from the abort appears to be effected by the action of the wind rather than by continued drying. Thus, samaras in the well-developed category do not enter the mature category when wind speeds are low (e.g., May 23; Fig. 3) , nor do the already-mature samaras abscise (Fig. 3) .
Samaras must be mature to abscise. For the 3 years, 99% of the abscising samaras were in the mature category. Figure 4 is a plot of the abscission rate (number of samaras abscising per minute per number of mature samaras still available on the branches) versus wind speed (15-min averaging time) for May 28, 1990. There is considerable scatter. This variation has two main sources. First, we are ignoring the r d e of relative humidity. A rainy day may have considerable wind speeds, but no abscission will ensue because separation layers will not develop. The second cause of variation is the 15-min averaging time. Qualitatively, it appeared that most of the abscission in a 15-min interval occurred in one to three shorter intervals of 5-to 30-s duration associated with very large wind speeds. That is, even the 15-min averaging time is at least 60 times too large to capture the relationship between lowfrequency gusts and the probability of abscission.
We can remove much of this variation in Fig. 4 by replotting the data so that we have mean abscission rate per wind speed class for those 5 days when the number of samaras abscising was at least 15% of the total annual crop. Class widths were chosen so that no zero values remained. Taking logarithms of these values, linear regression analyses yielded power law exponents ranging from 2.19 to 2.82 (Table 3 ). The fan results gave an exponent of 2.31. The calculated exponents and intercepts for the 5 days are not significantly different from one another (analysis of covariance, F < 1.0). These calculated exponents are somewhat higher than might be expected if drag is the motive force in abscission (that is, an exponent of 2.0 as drag is proportional to the square of the fluid velocity). As might be expected, the fan experiment produced the smallest intercept in Table 3 . This is because the 15-min averaging time makes low wind speeds appear more effective at abscising samaras from the tree than in front of the fan.
Discussion
The mechanism
Acer saccharinum samaras abscise at higher than average wind speeds for two reasons. First, the probability of abscission increases approximately as the square of the fluid speed (i.e., it is a function of drag). The stress on the basal end (vascular bundle) of the cantilever increases with the loading. Second, the loading is only of consequence when the samara is free to accelerate relative to the peduncle, and this relative motion requires development of the two separation layers. Given that (i) separation layers can develop in as little as 3 h, (ii) vascular bundles achieve equilibrium moisture content in less than 10 min, and (iii) relative humidity is minimized when wind speed is maximized (about 13:OO during a typical 24-h cycle), then it follows that samaras become mature, and thus available for abscission, when wind speeds are highest. These two effects, namely a direct effect of wind speed and an indirect effect mediated by relative humidity, ensure that most samaras abscise when wind speeds are unusually great. Consequently, there is little abscission at night, in rainy weather, or when speeds are very low. We can demonstrate the significance of this result by making a rough calculation of the median dispersal distance achieved by a samara in the absence of this proposed abscission mechanism. If the median wind speed in unobstructed terrain at 10-m height in North America is about 4.5 mls (Luna and Church 1974) , if a forest of 30-m height has seeds with a mean release height of 85% of the forest height (e.g., Hard 1969) , and employing Dumbauld and Cionco's (1985) coupling of the wind-speed profile in unobstructed terrain to the profile in a forest canopy, then one can argue that the median ambient wind speed in the vicinity of mature samaras in a forest is about 0.70 mls. Samaras abscising iandornly with respect to wind speed would tend to disperse only about 10 m from the parent tree (assuming a terminal velocity of 1.0 mls, an approximate average for North American samaras). A 10-m wind dispersal distance is equal to (Sork 1984) or less than (Vander Wall 1992) the dispersal distance of caching rodents. Clearly, wings would be superfluous appendages if abscission was a random phenomenon. The mechanism elucidated above permits samaras to achieve dispersal distances substantially greater than those effected by rodents.
Additionally, abscission occurs mainly in the diurnal interval 13:OO f 3 h when air turbulence is maximized (Pasquill and Smith 1983) . The increased variation in horizontal and vertical wind speeds during the middle of the day will enhance the variance in the dispersal curve (sensu Greene and Johnson 1989) . Thus, this abscission mechanism not only displaces the median dispersal distance further from the tree but also engenders a more even spread of samaras across the local terrain.
The experimental results indicated that vertical updrafts should be particularly effective at causing abscission. Qualitatively, it appeared that many samaras abscising from the tree were initially lifted upward (indicating an updraft accelerating the samaras faster than the gravitational acceleration), but we did not quantify this. Again, this should enhance dispersal distances.
Both the fan experiment and the tree observations gave power law exponents (of abscission rate to wind speed) greater than 2.0 (Table 3) , whereas the simple loading hypothesis predicted an exponent of 2.0 (drag is proportional to the square of the wind velocity). However, drag is also proportional to the projected area of the samara, and this will decline as the deflection angle increases. It appears then that the windinduced loading must be augmented by some other mechanism. Karl Niklas (personal communication) has suggested that elastic rebound may also play a role. Subject to wind, the samara would bend until the drag exceeded the restoring force, storing strain energy in the peduncle, and then elastically rebound. A series of such rebounds is an oscillation, each cycle conferring a relative acceleration on the samara. This mechanism was not tested in this study, and unfortunately there are few published data relating wind speed (drag) to the frequency and displacement of an oscillating biological member.
Other species
An exponent on the order of 2.0 should be typical of other species with propagules that are simple cantilevers individually exposed to the action of the wind (e.g., other Acer, Fraxinus, Liriodendron, many Legurninosae). However, it is unlikely to explain abscission in other structural arrangements. For example, many genera have seeds contained within some larger constraining structure, and the seeds have to be shaken out (via a relative acceleration) through apertures in the enclosing structure (e.g., Papa,ver) or beyond the rim of a bowl-shaped structure (e.g., the involucre of D. carota (Lacey 1980) or the cupule of Nuytsia jloribunda (Lamont 1985) ). Niklas' argument for an elastic rebound mechanism appears appropriate here. An oscillation in the supporting scape or peduncle could confer the minimum relative acceleration required for ejection from the enclosing structure.
For the densely packed plumed achenes on the capitula of Compositae, Niklas' rebound mechanism is also the likely motive force. For Tararacutn oflcinale and Tragopogon pratensis, there is no abscission at wind speeds less than about 2 m/s. At this minimum speed, the scapes are oscillating rapidly, bending at a mean angle of about 45" from the vertical, and the displacement of the capitula is about four times the capitulum diameter (unpublished data). Achenes are not abscised individually but in adjacent clumps as large as 50% of the remaining achenes. Individual achenes cannot accelerate (relative to the scape and to other achenes) because of the dense packing on the capitulum.
In all these genera, relative humidity plays a role. For example, in D. carota, Tarmacum, Pinus, and Trngopogon, the enclosing involucre or scale flexes open as relative humidity declines. Indeed, one would be surprised to find a winddispersed species where the abscission mechanism does not include a relative humidity response, as this permits the temporal concentration of available seeds when wind speed and turbulence are maximized (that is, when the median and variance of the dispersal curve can both be maximized).
Response time
It was pointed out that the 15-min averaging time is much too large. It might appear that this would invalidate our results. Aside from the methodological problem of censusing a large sample size at a more realistic averaging time (say, 20 s), let us point out that the results are not so apparently useless if one is interested ultimately in dispersal distances. In a wind tunnel with a horizontal wind speed of 3 m/s, A. saccharinum samaras achieve an equilibrium descent velocity in about 0.5 s and accelerate to the horizontal ambient wind speed in about 2 s (Greene 1990 ). Thus, the response time is on the order of 2 s. For a stationary anemometer, the autocorrelation of wind speed declines rapidly with time, and the abscising samara is, effectively, because of its inertia, a stationary anemometer. It may well be that by the time the autorotating samara equilibrates with the ambient air speed, it is now part of an eddy with a mean velocity substantially less than the velocity that affected abscission.
The objective of this study was to understand why the model of Greene and Johnson (1989) underpredicted dispersal. The nonrandom nature of abscission discussed here is the likely explanation for the poor performance of the model. Two steps remain. First, there must be studies of abscission in other wind-dispersed plants to see if the magnitude of the calculated exponents (such as in Table 3 ) varies widely among species. Second, the distribution of ambient wind speeds in the dispersal model must be modified to account for the fact that the probability of abscission is a function of wind speed (unpublished data).
